Recently, we adapted the use of the spring-loaded Rashkind patent ductus arteriosus (PDA) double umbrella to close a variety of intracardiac defects, including small interatrial defects4 and ventricular septal defects.5 Such an approach had several potential advantages, including the use of smaller delivery systems and the avoidance of hooks. However, these clinical trials indicated that the Rashkind PDA device itself was too small for the closure of most atrial septal defects and might partly protrude into the atrial chambers. Furthermore, the anatomic types of atrial defects that might be suited for transcatheter closure have not been defined. We, therefore, undertook a number of anatomic, pathologic, and experimental studies to test a new type of septal closure umbrella and to further understand the processes of transcatheter ASD closure. SVC  IVC  TV  MV  PV   Distance from ASD  Average  8  9  9  9  8  7  Minimum  2  3  1  3  3  2  Maximum  38  40  35  24  29  27  Number closest to ASD  16  6  6  5  7  26  %  48  18  18  15  21 
Results
Death occurred at a mean of 2.8 years (range, 1 day to 36 years). The causes of death were varied: only two patients died as a result of complications relating to the atrial defect (pulmonary vascular obstructive disease and brain abscess). Defects ranged in size from 3 x 4 to 30 x 30 mm with an average size of 8 x 10 mm. Although few defects were perfectly round, the longest and shortest diameters were similar: on average the ratio of short to long dimension was 0.8±0.1 (range, 0.5-1.0). In 17 of 50 specimens, it was not possible to measure distances between the ASD and all atrial structures. In the remaining 33 specimens, the closest cardiac structure on the right atrial side was most frequently the coronary sinus (48%), often the superior vena cava (18%) or inferior vena cava (18%), and occasionally the tricuspid valve (15%). From the left side, the pulmonary vein ostia were closer than the mitral valve in the large majority (Table  1) ; the right pulmonary vein ostia were always closer than the left. At least 3 mm separated the defect from the nearest cardiac structure in 70% of the specimens.
All the defects analyzed fit into one of four morphologic categories: 1) virtual absence of septum primum such that the ASD was the entire fossa ovalis (n=19, 38%; see Figure 1 ); 2) deficiency of septum primum (n=16, 32%); 3) fenestrated septum primum-multiple ASDs (n=2, 4%); and 4) fenestrations in a deficient septum primummultiple ASDs (n=13, 26%; Figure 2 ). In all cases with multiple ASDs (categories 3 and 4), an umbrella that covered the fossa ovalis would close all of the defects.
Finally, we made a subjective assessment of the suitability of each ASD for transcatheter closure. Defects judged not closable were either too large (>25 mm in diameter) or lacked a complete circumferential rim of atrial septum (>2 mm). We determined that 10 of 50 ASDs (20%) were not closable with the device: in three cases, the defects were too large; in the other seven, there was an incomplete septal rim for anchoring an umbrella. Of the remaining cases, 23 (46%) appeared ideal for closure and 17 (34%) could probably be closed with correct umbrella sizing and placement.
Transcatheter Creation of Atrial Septal Defects in Lambs
Methods Although animal models are available for the PDA6 and the ventricular septal defect,7 an animal model of long-standing secundum atrial septal defects has not to our knowledge been described. ASDs have been created clinically in the catheterization laboratory for more than a decade,8 and we applied some of these transcatheter techniques to create large atrial defects in the immature lamb.
The method for transseptal puncture in the lamb was developed after a process of trial and error. The atrial septum is relatively small, and the fossa ovalis is located at the end of a shallow funnel (bound anteriorly by the aorta and limbus, and posteriorly by the back wall of the heart) when viewed from the right side of the septum. The standard Brockenbrough needle was manually reshaped to create a steeper angle of curvature, such that the tip points at a right angle to the shaft over a radius of about 5-7 cm. A long sheath and dilator (6-7F) was advanced from the femoral vein to the superior vena cava, and the Brockenbrough needle advanced to the tip of the dilator. The entire unit was withdrawn into the heart, with the needle tip directed in a straight leftward direction, until the needle popped leftward just below the center of the anterioposterior cardiac silhouette (Figure 3) . Unlike in the human heart where the left atrium is posterior, the left atrium lies at the midleft border of the lamb cardiac silhouette, with the left atrial appendage forming most of the left border. Once the septum is engaged with the Brockenbrough needle tip, a small amount of contrast (0.3 ml) is injected to confirm septal position, and the needle-sheath-dilator unit is advanced through the septum into the left atrium with a short but firm jerk. Catheter position is confirmed by both contrast injection and aspirating red blood.
Although blade septostomy will create a reasonable atrial defect acutely, we were unable to create large defects that remained patent for more than a few days using the blade catheter in lambs. Accordingly, we used two 18-mm angioplasty balloons inflated simultaneously across the atrial septum to create an atrial defect. This technique was well tolerated and resulted in large secundum atrial septal defects with smooth edges after 2-8 weeks of follow-up (Figure 4 ). The Rashkind atrial septal defect occluder is a single-umbrella device that has a set of six springloaded equidistant arms. A foam pad is sewn to the arms and is considerably smaller than the total length of the arms. A 2-mm fishhook is attached to the ends of three of the arms, and these hooks are used to secure the device to the septum. The umbrella is loaded into a 15F metal pod, with the center of the umbrella at the tip and the arms folded backward; care must be taken during loading to ensure that each of the fishhooks is aligned in the same direction (either clockwise or counterclockwise) around a central triangular shaft. After Rashkind's initial clinical experience with this device, a set of three centering arms were attached to the loading system, to attempt to keep the umbrella near the center of the atrial septal defect during the time of device attachment to the septum.
Vascular access to each of four lambs was attained percutaneously from the femoral vein, and the position of the atrial septum and its defect were determined by both angiography and passage of an inflated balloon. The lambs were positioned in the anterioposterior view, allowing the septum to be aligned parallel to the radiographic beam. Device opening, fixation, and release were recorded on cineangiographic film to allow subsequent reconstruction of events surrounding placement.
Results
We attempted to close defects in four lambs; one of the four umbrellas was correctly positioned, but none of the defects was closed.
In the first two lambs, we passed the pod directly into the left atrium and advanced the control wire so that the umbrella arm tips were first opened in the center of the left atrium. We then retracted the umbrella against the atrial septum (one lamb) or the delivery pod (one lamb) to cause full arm extension. With the arms fully opened in the left atrium, the device was withdrawn to the left atrial side of the septum, and then the umbrella was jerked to fix the fishhooks into the septum. In both of these lambs, the most repositioning. 2) Hooks by necessity limit the size of the foam or cloth pad that is actually used to close the defect. 3) If the foam reaches the tips of the arms, it will become enmeshed in the hooks during device loading, and the use of a safe hookfoam distance leaves little room for less-thanperfect device placement. Although the PDA doubleumbrella system was designed as a plug for a tube, our prior experience using the larger-sized umbrellas to close a wide variety of intracardiac and extracardiac defects4'5'9 suggested an alternative approach.
A new double-umbrella device was designed to allow the arms to fold back against each other, thus using spring tension rather than hooks to fix the device on the septum. Because the tension in the arms could be manually overcome, the clamshell configuration of the distal arms could be everted during device placement, thus creating a ""cone"7 that would self-center and allow easy device repositioning. These performance criteria were accomplished by the placement of a second spring in the center of the 0.007-in, arms ( Figure  5 ). With the above configuration, the need for small foam pads, centering arms, and triangular rods were eliminated, allowing the size of the pod to be reduced to liF.
Based on our previous experience, the ASD occlusion technique was similar for all animals: animal ASDs were first sized with a balloon catheter, and device sizes were 1.5-fold to twofold the defect size. The distal arms were opened in the midleft atrium, the entire umbrella-delivery system was withdrawn until the arms were seen to flex inward, and the umbrella was held constant as the long 1iF sheath was withdrawn to allow the proximal arms to open ( Figure 6 ). The position on the septum was noted fluroscopically, and the device was released. As before, each lamb was positioned in the anterioposterior view, and device opening, positioning, and release were recorded with cineangiography.
We attempted eight ASD closures with prototype (clamshell) occluders. The defect sizes ranged from 8 to 20 mm. Umbrella sizes were 17, 23, and 33 mm.
Six of eight umbrellas were correctly positioned: one was released in the left atrium, and one in the right atrium. Each of four lambs observed for more than 1 day had what appeared to be complete ASD closure, with endothelialization of the Dacron observable after 1 and 2 months.
Two devices were incorrectly positioned. Each device embolized (to the descending thoracic aorta and pulmonary artery respectively) without producing hemodynamic instability. With the first device, the cephalad arms were seen to flex inward during device placement, although the caudal arms did not flex. The umbrella was held in that position, and the sheath was withdrawn to allow the proximal arms to open. When the device was released, it "bobbed" for a few minutes as if poorly seated and then was swept into the descending aorta. Review of the anatomy and angiograms indicate that the cephalad arms flexed against the prominent "septum" that separated the left and right common pulmonary vein orifice in this animal, a mistake that was not recognized because the septal position was poorly defined and was not in profile. In the next animal, we placed somewhat more downward traction (to be certain that we were against the atrial septum and away from the pulmonary venous origins) on the distal arms before releasing the proximal arms. This device was also poorly seated and then swept into the pulmonary artery, where it was nonocclusive. Review (Figure 7) . In one defect, part of an arm straddles the septum, such that the tip of one left atrial arm could be seen from the right side of the heart. Review of the cineangiogram of the delivery and repeat cineangiography of the specimen with the umbrella in situ revealed that the arm tip migrated through the specimen some time after delivery, presumably due to too much spring tension in that arm.
Microscopically, one umbrella (from the lamb whose septum had been closed 30 days previously) was sectioned such that wedge-shaped sections were obtained from the umbrella device into the adjacent myocardium. Hematoxylin and eosin sections demonstrated that the fabric was enmeshed in fibrous tissue and fused with the myocardium. The device was, therefore, densely adherent to the atrial wall, with complete endothelialization of the surface (Figure 8 ). 
